Hepatocellular carcinoma is the third leading cause of cancer-related death in the world. This cancer is associated with cirrhosis following the hepatitis B or C virus infection, alcohol addiction, metabolic liver disease and exposure to dietary toxins such as aflatoxins and aristolochic acid. Studies demonstrate the integration of the HBV genome into liver cell DNA, including cases of patients with HBV-negative serology. Despite advances in prevention techniques, screening, and technology in cancer diagnosis and treatments, the incidence and mortality remain worrisome. Therefore, this research is significant due to the contribution of the development of new biological agents that can be used as monotherapy or adjuvant chemotherapy. Jararhagin, a snake toxin isolated from Bothrops jararaca venom, has been the subject of many studies seeking alternatives for the treatment of cancer. This protein contains the cysteine-rich disintegrin-like metalloproteinase domains and desirable functions to combat tumor cells, such as promoting acute inflammation, damaging the vascular endothelium through the zinc-dependent catalytic domain (responsible for hemorrhagic function) and enzymatically degrading the constituents of the endothelial basement membrane. Due to the antitumor effects of jararhagin presented in previous research, this study aimed to describe the possible antitumor effects of this snake metalloprotease in the murine liver tumor, intending to propose a new therapeutic option in the human liver tumor.
Among the primary liver tumors, the most common is hepatocellular carcinoma (HCC), an aggressive disease that occurs in more than 80% of liver cancer cases [1] . HCC is the third leading cause of cancer-related death in the world. Although there are advances related to prevention techniques, screening, technology in diagnosis and treatment of cancer, the incidence and mortality remain worrisome [2, 3] . In western countries, including Brazil, 70%-80% of HCC cases are associated with cirrhosis following chronic hepatitis B (HBV) or C (HCV) infection. This cancer is significantly linked to cases of HBV infection due to genome integration from the virus to the hepatocyte's DNA. Still, there are patients with hepatitis B virus-negative serology and HBV in their tumor. Alcohol is also a factor associated with predisposition to liver cirrhosis and, consequently, to HCC, as 80%-90% of patients with HCC have cirrhosis regardless of this etiology [4] . In the United States, alcohol consumption is a relevant risk factor, since the country reports alcohol abuse as a cause related to the development of the disease five times more than hepatitis C [3, 5] .
In the treatment of HCC in advanced stages, the indication of sorafenib, a tyrosine kinase inhibitor, is well advised. However, its use as an adjuvant after partial hepatectomy for HCC is not yet wellestablished. A randomized clinical trial comparing sorafenib to placebo involving 1,114 patients on adjunctive therapy after partial hepatectomy or HCC ablation was recently completed. In this study, 900 patients received surgical treatment for HCC. However, this trial demonstrated that there is no statistical difference in survival between the group of patients receiving sorafenib and the control group [5] .
Liver cancer survival rate is up to 5 years after diagnosis [6] , following the same relative 5-year survival for all cancers. Data reveal that cancer survival has increased significantly over the past three decades, in part due to targeted therapy. Nevertheless, there are still many site-specific medications that may play a role only in a portion of cancer patients who have specific molecular changes. It is necessary to continue developing new biological agents that can be used alone and/ or as adjuvant therapy in protocols with current chemotherapic drugs already approved by the competent organs [7] .
In this context, jararhagin (snake toxin isolated from Bothrops jararaca venom) has been the subject of many studies seeking alternatives for the treatment of cancer. This protein contains the cysteine-rich disintegrin-like metalloproteinase domains and desirable functions to combat tumor cells, such as promoting acute inflammation, damaging the vascular endothelium through the zinc-dependent catalytic domain (responsible for hemorrhagic function) and enzymatically degrading the constituents of the endothelial basement membrane [8, 9] .
A study of jararhagin-treated cell culture macrophages showed increased expression of proinflammatory mediators, including IL-1, a cytokine that induces inflammation associated with expression of adhesion molecules such as CD44 invasion and migration marker, CD34 angiogenesis marker, increased TNF-alpha, crucial in the development of jararhagin-induced necrosis, and the release of chemotaxis mediators [10] .
In other study, low-dose jararhagin-induced effects were antiproliferation and induction of cell death of SK-Mel-28 lineage melanoma cells, which was also supported by increased expression of cell cycle-related genes and apoptosis [9] . Jararhagin also showed cytotoxicity in breast tumor cells. Promoting alterations in the cell cycle, death of tumor cells by necrosis, even due to high inflammatory intensity, reduced viability of tumor cells [10] .
Due to the antitumor effects of jararhagin presented in previous research, this study aimed to elucidate the possible antitumor effects of this snake venom metalloprotease in the murine liver tumor, aiming to propose a new therapeutic option in the human liver tumor.
Methods

Monolayer Cell Culture
HEPA-1c1c7 murine hepatocarcinoma cell lines, code CRL-2026 originating from the American Type Culture Collection (ATCC), were used, maintained, and stored in the cell bank by Dr. Durvanei Augusto Maria (Biology Molecular Lab., Butantan Institute). After thawing, the cells were transferred to a cell culture bottle (25 cm 2 ) containing DMEM and MEM-α culture medium (Cultilab, Campinas-SP), respectively, supplemented with 10% fetal bovine serum, 200 mM sodium bicarbonate, pH 7.4 in an oven 5% CO 2 at 37 o C. Monolayer cells were subjected to enzymatic dissociation with 0.2% trypsin solution + 0.02% EDTA to detach the cells. Enzyme neutralization was performed using the same DMEM culture medium containing 10% SFB. After neutralization, the suspended cells were counted in a Neubauer chamber, and the concentration adjusted to 10 5 cells/mL. The Trypan blue exclusion test determined cell viability.
Determination of Cytotoxic Activity by MTT Method
Tumor cells were incubated in 96-well plates at a concentration of 2x10 5 cells/mL for 24 hours and treated with jararhagin at multiple concentrations. The culture medium was used as a Control Group to dilute the jararhagin stock solution. After 24 hours of treatment, the supernatant was collected on another plate, and 100 μL of MTT (Calbiochem -Darmstadt, Germany) added at a concentration of 5 mg/mL; then the cells were incubated for 3 hours in an oven containing 5% CO 2 at 37°C.W. Afterwards, the contents werere moved and 100μL of methylalcohol was added to dissolve the formed and precipitated formazan crystals. Absorbance quantification was performed in a 540nm wavelength ELISA reader. Toxicity-inducing concentration in 50% of cells (IC50%) was determined at treatment after 24 hours at different concentrations to assess the dose-response effect. The percentage of cell death, calculated concerning the negative-control, expressed the cytotoxicity of each treatment.
Determination of Polyunsaturated Lipid Peroxidation Products
The cell culture supernatants used for the MTT cytotoxicity test and kept under refrigeration at -20°C. The samples were thawed at room temperature. Then 50 μL of the sample was added in microtube, along with 250 μL of trichloroacetic acid -20% TCA (Sigma-Aldrich) in other microtube, 50 μL of the same sample was added with 250 μL of thiobarbituric acid -TBA 0.86% (Sigma-Aldrich, Cat.: T550-0). The microtubes were placed in a water bath (100°C) for 20 minutes, followed by cooling at 0°C for 20 minutes, centrifugation at 8,000 rpm for 4 minutes, and the supernatant was used to quantify TBARS. The reading was performed on the spectrophotometer at a wavelength of 535 nm.
Morphological and Marker Analysis with Confocal Laser Microscopy
An aliquot of HEPA-1c1c7 tumor cell culture grown in a 24-well plate and coverslip with 10% SFBMEM-α culture medium kept in the oven at 5% CO 2 at 37°C. Cell samples from the Jararhagin-treated Groups and Control Group shave gone through a culture medium removal process, then 1 mL of paraformaldehyde was added to fix the cells. After this process, 1 mL of 2 times of PBS was added for washing, and also 300 μL of bovine serum albumin (BSA) for 10 minutes, then a new PBS wash was performed. After that, 10uL of Triton-X was added and incubated for 1 hour. Afterward, it was added in each well-plate over the coverslips containing the cells, 1 uL of CD44 and CD34 antibodies labeled with green fluorescein isothiocyanate (FITC) and Caspase 3, PE53 and COX-2 labeled with PE (Phycoerythrin) red fluorochrome. The plate remained overnight in the refrigerator at -4 o C. After this process, 3 washes with 1 PBS-time were performed. Then, PBS washes were performed 3 times. The coverslips were mounted, and 3 μL of the mounting medium for fluorescence protection (Fluoroshield, Sigma-Aldrich) were placed on them. The assembled blades were wrapped in aluminum foil to protect fluorescence and stored at 4°C until visualization.
Scanning Electron Microscope (SEM)
Jararhagin-treated HEPA-1c1c7 (5x10 5 ) tumor cells were washed for 24 hours with PBS and fixed in 2.5% glutaraldehyde, pH 7.2 at 4°C. After 24 hours of fixation, the cells were washed in a Na 3 PO 4 buffer and were post-fixed in 1% osmium tethoxide for 2 hours at 4°C. Samples were dehydrated in increasing ethanol series, immersed in isoamylacetate and critical-point dried in liquid CO 2 for 5 minutes. The samples were atomized and coated with gold metal and examined on the Leo 435VP Zeiss Scanning Electron Microscope (Carl Zeiss,Germany).
Cell Cycle Phases Analysis by Flow Cytometry
After confluence in the 6-well plate, the cells were subjected to jararhagin treatment for 24 hours. The Control Group was from the same cell lineage, but not treated. The cells were then trypsinized and resuspended in PBS, centrifuged twice at 3,000 rpm with PBS solution and resuspended in 200 µL propidium iodide solution (18ug) (Sigma-Aldrich) containing 20 uL Triton X-100 (Sigma-Aldrich) and 4 mg RNAse-A (Molecular Probes) for 30 minutes at room temperature, protected from light. After this period, the samples were transferred to cytometry tubes, and the images were captured in a flow cytometer (Facscalibur-Becton and DicKson).
Results
Determination of Cytotoxic Activity by MTT Method
After 24 hours of adhesion, in a 96-well plate, the cells were incubated, diluted in culture medium at 10% of fetal bovine serum and 1% of penicillin antibiotic with different jararhagin concentrations of 0.001nM -1µM.
After treatment with jararhagin, the HEPA-1c1c7 tumor cells showed morphological alterations, such as cell lysis and the formation of cell debris, from the concentration of 11.9nM (Figures 1, 2 , 4, 5, 6) . The other concentrations showed cytotoxic effects, with the percentage increase in cell mortality, loss of cell adhesion, cytoplasmic membrane fragmentation, and loss of cytoplasmic prolongation progression.
Determination of Lipoperoxidation (LPO)
Products by Quantification of Thiobarbituric Acid Reactive Substances (TBARS) ( Figure 3 )
Thiobarbituric acid reactive substances (TBARs) method quantified lipid peroxidation in cell membranes and free radical formation. Malondialdehyde (MDA) is one of the end products of lipoperoxidation formed by the primary or secondary decomposition of intermediate products, and reacts with thiobarbituric acid were widely used in the determination of oxidative stress.
Jararhagin treatment resulted in a significant formation of lipid peroxidized radicals from the hepatocarcinoma tumor lineage, with significant oxidative damage from 19.8nM concentrations. There is a positive correlation between the effects of jararhagin and the production of lipoperoxidation radicals. Quantification of TBARs revealed lower free radical production at high concentrations, which increased progressively with longer incubation time with jararhagin.
Morphological and Marker Analysis with Confocal Laser Microscopy
In this project, confocal laser microscopy was used to visualize morphological alterations of HEPA-1c1c7 tumor cells after 24 hours of jararhagin treatment at concentrations of 128.7nM and 186.2nM.
Morphological Alterations in Jararhagin-Treated HEPA-1C1C7 Tumor Cells
Jararhagin was used to elucidate the role of the disintegrin domain of this toxin on the induced effects on liver carcinoma tumor cells as an experimental model to evaluate the possible mechanisms of inhibition of proliferation and metastases. The morphological effects on HEPA-1c1c7 tumor cells were dose and time-dependent. These effects include loss of cytoplasmic expansions, round-shaped cellular aggregates, and cell detachment to the bottom of bottles and formation of apoptotic bodies, as demonstrated by scanning electron microscopy ( Figure 6 ), similar to the cytological results obtained by Corrêa and colleagues (2002) and Klein and colleagues (2011) in human melanoma cells SK-Mel-28 [9, 14] .
The morphology was dramatically altered by treatment with the toxin. Scanning electron microscopy (SEM) showed that monolayer-grown hepatocarcinoma cells showed changes in an extracellular matrix organization with significant deposition and dense extracellular matrix synthesis when compared to untreated Control Group cells (A, B, C -Control Group - Figure 5 ) (D-I Jararhagin-treated Group - Figure 5 ). Tumor cells showed retraction and aggregates with jararhagin treatment at 128.7nM concentration (Figures 5 D, E, F). The 186.2nM treated tumor cells showed detachment of the plaque surface and formation of smaller aggregates, apoptotic bodies, and necrotic debris ( Figure 5 G, H, I) . Arrows show the formation of apoptotic bodies (12,000x).
Cell Cycle Phases Analysis by Flow Cytometry
The effect of jararhagin on cell cycle phases was determined after evaluating cell viability by MTT methods. The concentrations of 128.7nM and 186.2nM were selected. Cell aggregates were collected from both supernatant and adherent cells after trypsinization and evaluated by flow cytometry. Histograms show the percentage of cells distributed in the different phases of the G0 /G1, S, and G2/M cell cycle and sub-G1cells (Figure 7) .
We observed that jararhagin changes the proportion of cells at different stages of the cell cycle. Figure 3 
Discussion
Several types of research involving cell cultures evaluate toxins isolated from snake venom and the effects on several tumor cell lines, aiming to find substances with possible therapeutic potential, acting as a single or adjuvant chemotherapeutic agent [11] .
According to Moura and colleagues [12] , jararhagin hemorrhagic activity is related to jararhagin specificity by α2β1 integrins expressed in endothelial cells [12] . One study demonstrated the pronounced expression of these integrins during embryonic development, as well as the fragility of capillaries that are constituted of a single layer of endothelial cells. The basal lamina appearing on the eighth day [13] , a fact demonstrated by hemorrhage provoked by jararhagin in a time/dose-dependent form on this study. Jararhagin, isolated from Bothrops jararaca venom, induces changes in the morphology and viability of human melanoma cells (SK-MEL-28), in addition to reducing in vivo the number of metastases when pretreated and injected in mice, according to data obtained by our research group in 2011 [9] . Besides, the jararhagin treatment also promotes morphological alterations such as cytoplasmic retraction, loss of adhesion and formation of large multicellular aggregates. These changes were accompanied by decreased expression of the CDK2 and CDK4 genes, promoting an increase in the population of cells in S-phase of the cell cycle [14] .
In this study, the cytotoxic effects in HEPA-1c1c7 murine hepatocellular carcinoma cells were elucidated. The cell viability evaluated after 24 showed reduced time/concentration-dependent cell viability. At 19.8nM jararhagin concentration, there was a significant decrease in cell viability and pronounced morphological alterations such as loss of adherence in HEPA-1c1c7 hepatocellular carcinoma cells at the 186.2 nM jararhagin concentration. MTT is a quantitative method, an indicator of mitochondrial metabolic activity, with a linear relationship between cellular activity and absorbance. Loss of membrane integrity often occurs after completing apoptosis in most of the cellular systems. Thus, treatment with jararhagin induced a decrease in mitochondrial activity at a concentration of 186.2nM in HEPA-1c1c7 tumor cells, and an increase in the percentage of inactive mitochondria, showing a cytotoxic effect of jararhagin.
In the process of origin of the lumen in cell culture, the selection of cells resistant to the anoikis process occurs, with the formation of cell groups and spheroids [15] [16] . Spheroid growth is the result of aggregation, proliferation, polarization, adhesion molecule modulation, and lumen cell death [17, 18] .
Reactive oxygen species (ROS) are produced continuously in cells as by products of cellular metabolism, performing essential functions as mediators of protective mechanisms such as apoptosis, phagocytosis, and detoxification [18] .
Excessive increase in ROS formation induces DNA damage, promoting mutagenic alterations of nucleotides, protein oxidation, and lipid peroxidation, playing a crucial role in tumorigenesis. Free radical-induced lipid peroxidation is a widely investigated process, and the cell membrane is one of the components most affected by the high concentration of polyunsaturated fatty acids susceptible to oxidation [19] .
Oxidants, in general, produce protein modifications leading to loss of function and increasing the degradation rate of oxidized proteins, promoting changes in their structure and permeability, which leads to inhibition of cell growth and death. Lipid peroxidation may trigger the apoptosis process, activating the intrinsic apoptosis pathway present in all cells, whether or not dependent on the phosphorylation of the caspase pathway. Given the importance of the lipid peroxidation process in apoptosis, the results indicate that jararhagin dose-dependently affects this process, accompanied by cellular cytotoxicity and cellular morphological alterations, inducing apoptosis, especially at concentrations below 1μM jararhagin in HEPA-1c1c7 tumor cells. There was also a decrease in the synthesis phase at both 128.7nM and 186.2nM concentrations, as well as an increase in G2/M and G0/G1 fragmented DNA. These data indicate that jararhagin is effective in reprogramming the cell cycle by inhibiting proliferation through synthesis inhibition.
The distinction between increased apoptosis or necrosis was assessed by the annexin V/PI labeling method by flow cytometry using the jararhagin treatment. Tanjoni (2005) demonstrated the induction of apoptosis with loss of cell adhesion, anoikis in jararhagin-treated endothelial cells, which indicates special attention to possible side effects on the vascular system [20] .
There are several antiproliferative mechanisms, including apoptosis and senescence. Although senescence, similar to apoptosis, is also an extremely complex process, some forms of senescence are more precisely defined. Replicative senescence, which occurs in primary cells that are cultured in vitro, is dependent on telomere size and is usually reversed by telomerase expression. In recent years, however, it has become apparent that there is oncogene-induced senescence (OIS), which is activated by the activation of oncogenes such as Ras and Raf and requires p53, acting via CDK inhibitors, p21CIP, and p16INK. These two processes have irreversible arrest of growth and expression of beta-galactosidase in acid cell compartments in common, which allows the measurement of senescence. Senescent premalignant lesions were found in several normal tissues and are believed not to progress to malignancy due to senescence, indicating the importance of senescence as an antitumor process. This information, combined with the results obtained concerning p53 expression, demonstrates the participation of jararhagin concentrationdependent senescence and autophagy inducing mechanisms.
The ultrastructural microscopy images performed with the HEPA-1c1c7 tumor cells lineage obtained by confocal laser scanning fluorescence microscopy revealed at both concentrations a reduction in the number of morphologically viable cells, cell detachment, tumor parenchyma deconfiguration, cluster, and apoptotic body formation. While in the Control Group, an intense proliferation was observed with the formation of parenchymal structures. The expression of markers obtained in this lineage by confocal laser scanning fluorescence microscopy elucidated a significant dose-dependent increase in the expression of CD34 and CD44, glycoproteins involved in cell-cell interaction and function as an adhesion factor and cell migration, besides the considerable increase in activity of caspase-3, p53, and reduction in Cox-2 cyclooxygenase expression, actively involved in the process of tumorigenesis.
Scanning electron microscopy (SEM) showed hepatocellular carcinoma HEPA-1c1c7 cells cultured in monolayer and the extracellular matrix organization with many protrusions. Retractions and cell aggregates were observed at 128.7nM jararhagin concentrations. In cells treated with 186.2nM, there was the detachment of the plaque surface and formation of smaller aggregates, apoptotic bodies, and necrotic debris.
The sum of IC50 values, morphological alterations, and cell viability together suggest the possible use of jararhagin as an antitumor agent capable of inducing cell death. However, their toxicity in normal cells should be evaluated and redirected to other studies, such as sitespecific nanocarriers to reduce the toxic effect in normal cells, as well as studies that elucidate the cellular signaling pathways involved in this process. After that it is possible to establish which are the inducers of necrotic and apoptotic death in normal cells, as they were done in the HEPA-1c1c7 hepatocarcinoma lineage, seeking to safely establish the use of this snake venom metalloproteinase in cancer therapy.
The HEPA-1c1c7 cells used in this study are murine hepatocarcinoma cells, and in jararhagin concentrations required for induction of IC50% cytotoxicity were very close on a monometric scale, causing morphological and inductive alterations of similar human cells death. This may suppose an indication that murine cells, as well as human cells, are equivalently sensitive to the mechanism of action of jararhagin and can be used as efficiently as animal guinea pig models to prove the efficacy of this toxin in vivo.
Conclusion
Jararhagin-treated
HEPA-1c1c7 murine hepatocellular carcinoma cells showed a reduction in the synthesis phase at both 128.7nM and 186.2nM concentrations, as well as an increase in fragmented DNA and arrestin G2/M. The expression of markers obtained in this lineage by confocal laser scanning fluorescence microscopy elucidated a significant dose-dependent increase in the expression of CD34 and CD44, glycoproteins involved in cell-cell interaction and that function as cell adhesion and migration factor, besides the considerable increase in activity of caspase-3, p53, and reduction of Cox-2 cyclooxygenase expression, actively involved in the process of tumorigenesis. Scanning electron microscopy (SEM) showed that HEPA-1c1c7 hepatocellular carcinoma cells underwent significant morphological alterations such as cytoplasmic retraction and aggregate formation, also showing detachment of plaque surface and formation of apoptotic bodies and necrotic debris.
